Examination of P3HR-I cells (Epstein-Barr virus [EBV] producer) persistently infected with the MAL strain of herpes simplex virus type I (HSV-I) suggested that only a few cells were actively producing a virus indistinguishable from HSV-~ (MAL) despite the presence of immunofluorescent HSV-~ antigens associated with the majority of cells. EBV-specific immunottuorescence was not altered in HSV-I persistently infected P3HR-I cells. HSV-~ persistently infected cells, labelled for 72 h with 14C-thymidine, incorporated approx. 8 % of the label into cell associated HSV-I DNA as resolved by caesium chloride gradients. Values greater than 8 % of the total were suggested by hybridization of gradient fractions with 3H-HSV-I DNA.
INTRODUCTION
Studies performed by Henle, Henle & zur Hausen 0969) and Floyd et al. 097 I) with several Burkitt lymphoma (BL) derived cell lines containing Epstein-Barr virus (EBV) demonstrated marked differences in their permissiveness to infection by herpes simplex viruses type I (HSV-t) and type 2 (HSV-2). In such infected cells, virus replication varied from a typical cytopathic effect (c.p.e.) within I day after infection to a delayed cell death requiring as long as 7 weeks. In order to extend these studies further, particularly with respect to the variations in permissiveness of BL derived cell lines to herpesvirus replication, we infected the EBV producing clone, P3HR-I, of Jijoye (or P3J) cells (Hinuma & Grace, I967) and the non-producing Raji cells (Pulvertaft, I965) with six strains of HSV-I and two strains of HSV-2. We subsequently observed that persistent infections could be established with most virus strains in both cell types and the maintenance of these persistent infections required no external support. An extensive characterization of P3HR-I cells persistently infected with the MAL strain of HSV-~ suggested an atypical HSV-I replication.
Infectious centre assay. Two million viable P3HR-I cells were infected for 2 h at 37 °C in a shaker bath with HSV-I(MAL) at a m.o.i, of I-o and o.oi p.f.u./cell, washed 3 times with complete medium and adjusted to a concentration such that 0-2 ml contained either 5 × Io2 (m.o.i. = I.o p.f.u./cell) or 5 x io ~ (m.o.i. = o-oi p.f.u./cell) viable cells. Replicate monolayers of Vero cells were infected at these multiplicities. After incubation for 2 h at 37 °C, cells were removed by trypsinization, washed 3 times with complete medium and adjusted so o.2 ml contained either I x Io z or 5 x io ~ (m.o.i. = I.o p.f.u./cell) or I x Io ~ (m.o.i. = o'oI p.f.u./cell) viable cells. The appropriate number of infected P3HR-I or Vero cells in o-2 ml were plated on to Vero monolayers in 6o mm diam. Petri dishes (Falcon Plastics), incubated I5 min at 25 °C, 45 min at 37 °C and then very carefully overlayered with 4 ml of complete medium containing o'5 ~ (w/v) methyl cellulose. The plates were then incubated in a 5 ~ CO2 humidified atmosphere at 37 °C.
Immunofluorescence. Washed cell smears were prepared on slides, dried at 37 °C, fixed in acetone for Io rain and treated for 45 min at 37 °C with the appropriately diluted human serum that was either positive for EBV (virus capsid antigen and early antigen) and negative for HSV or positive for HSV and negative for EBV. Smears were washed with saline and reacted with goat anti-human IgG (heavy and light chain) conjugated with ftuorescein isothiocyanate (Hyland Laboratories, Costa Mesa, Ca.) and examined by ultraviolet microscopy.
Isotopic labelling and purification of cellular and HSV DNA. Approx. 2 × Io 8 Veto cells were infected with HSV-I(MAL) at a m.o.i, of Io and incubated at 37 °C. Cells were labelled with io #Ci/ml of 3H-thymidine (6 Ci/mmol, New England Nuclear, Boston, Ma.) beginning 3 h post infection (p.i.) until 9o ~ c.p.e. (8 to Io h) was observed. The P3HR-I control and HSV-I infected cultures at a density of I × Io 6 viable cells/ml were labelled with I/zCi/ml of 14C-thymidine (40 mCi/mmol, New England Nuclear) for 72 h. The collected cell pellet from P3HR-I cells was suspended in Io vol. of phosphate-buffered saline (PBS), lysed with I ~o SDS and incubated for 8 h at 37 °C with autodigested pronase (Calbiochem, San Diego, Ca.) at a final concentration of 2oo #g/ml. The DNA was deproteinized by two phenol extractions followed by two extractions with chloroform-isoamyl alcohol (96:4). The methods of virus purification, viral DNA isolation and isopycnic centrifugation of DNA were the same as those described by Simonds et al. (I975) . Radioactivity was determined as trichloroacetic acid insoluble ct/min using a Packard model 338o liquid scintillation counter.
DNA-DNA filter hybridization. The techniques of filter hybridization used (Gillespie & Spiegelman, 1965; Denhardt, I966; Warnaar & Cohen, I966) " contained the following modifications. Cell DNA was denatured with o-2 N-NaOH for 30 rain at room temperature. The salt concentration of the DNA solution was increased to 3 × SSC (SSC = Ioo mMNaC1, Io mM-sodium citrate) and the DNA was immobilized on to pre-soaked (3 x SSC) nitrocellulose membrane filters (Schleicher and Schuell, Keene, N.H.) and washed once with neutralizing solution (I.O M-tris-HC1, pH 7"5, 0.6 M-NaC1) and once with 3 x SSC. After drying for 8 h at 8o °C, the filters were incubated for 5 h at 66 °C in 5 ml of preincubation medium (Denhardt, 1966 ) . 3H-HSV-I DNA (5 x io 5 ct/min//~g) was sheared by sonication (six I min intervals), heat denatured (3o min at IO5 °C) and quickly chilled on ice. Three x IO ct/min of DNA in I.o ml of 3 x SSC was added to each filter. The hybridization reaction was terminated after incubation at 66 °C for 22 to 24 h. The filters were washed three times with 3 x SSC on both sides and radioactivity was determined as described above. 
RESULTS

Cell growth and virus produetion kinetics of P3HR-I cells infected with HSV-I
The kinetics of HSV-I(MAL) replication in P3HR-I cells was determined at two m.o.i. When the rate of P3HR-~ cell growth at the higher 0o) and lower (o.ooI) m.o.i, were compared to sham-infected controls, only the culture infected at the higher m.o.i, showed a growth lag between 5 and 9 days p.i. (Fig. I a) perhaps indicating slight HSV-induced c.p.e. However, by I I days after infection the three cultures were equivalent in cell growth. The virus production curve (Fig. I b) for both HSV-~ infected cultures showed a distinct 3-day lag before new virus was produced. This lag was markedly different from that observed following a similar HSV-I m.o.i, on Veto cells where maximum virus production occurred within t2 to 4 8 h after infection and resulted in total c.p.e. (data not shown). The time of maximum virus production preceded maximum cell growth by 2 days in the low m.o.i, and 55 by 6 days in the high m.o.i, which indicated that virus production appeared to be related to m.o.i, and, more importantly, to the rate of cell growth.
Since a typical HSV-I c.p.e, was not observed in these cultures, the HSV-I infected cells were passaged and examined for continued HSV-I production. After the first passage, no differences were detected between the growth rates and number of viable or trypan-bluesensitive cells in the control and the two HSV infected P3HR-I cultures; further, infected cultures were indistinguishable with respect to the rate and level of HSV production (data not shown) and, in effect, had become persistently infected. P3HR-I cells infected with HSV-I(MAL) in an analogous manner have now undergone 44 routine passages without losing the ability to produce HSV-I.
Kinetics of HSV-I adsorption to P3HR-I and Vero cells
To determine whether the establishment of a persistent infection in P3HR-I cells and not Vero cells was related to differing virus adsorption characteristics, the kinetics of HSV-I adsorption were compared using both cell types (Fig. 2) . At the m.o.i, tested, Vero cells adsorbed HSV-I at a rate greater than P3HR-I cells during the first I5 rain but the extent of adsorption for both cell types was the same after 2 h. Both cell types adsorbed approx. 7o ~ of the input p.f.u. More than 9o % of the input virus was recovered in the virus controls after z h.
Infectious centre assay of infected P3HR-I and infected Vero cells
Since the extent of adsorption of HSV-I to P3HR-~ and Vero cells was shown to be equivalent, an infectious centre assay was used to determine the number of each cell type that became productively infected (Table I) . At both m.o.i., infected Vero cells produced plaques within 48 h and total c.p.e, by 72 h whereas infected P3HR-I cells did not produce any plaques prior to 7z h and then only < 1% of the cells plated were productively infected.
Immunofluorescence of HSV-I superinf ected P3HR-t cells
To determine the extent of HSV antigenic expression as a function of passage level, a P3HR-I culture persistently infected with HSV-I(MAL) was examined by indirect 
The effect of multiple medium changes on virus production in HSV-I persistently infected P3HR-I cells"
The effect of multiple medium changes on a HSV-I(MAL) persistently infected P3HR-I culture (passage level 6) was studied to determine whether c.p.e, could be induced by continuous cell growth (Henle et al. I969) or ifa cyclical relationship existed between cell growth and virus production (Hampar & Copeland, I965) . Cell culture fluids were harvested, replaced with fresh medium at 3-to 4-day intervals and cell counts and virus titres were determined (Fig. 3) -Under these conditions, the HSV-I infected ceils continued to grow and produced an average of 5 × lOS p.f.u./ml. At times when high HSV titres were obtained (day 16, I9 and 4I) no significant variations in the numbers of viable and trypan-blue-sensitive cells were observed. Furthermore, throughout the experiment, the percentage of cells showing HSV and EBV-specific fluorescence remained constant at 80 % and IO % respectively. Thus, after 48 days of continuous cell growth, no evidence for increased cell death was obtained nor did the production of HSV by these cells appear to be cyclical in a manner analogous to the Chinese hamster system studied by Hampar & Copeland (I965) .
Characterization of virus DNA produced by HSF-I persistently infected P3HR-I cells
The DNA of HSV-I produced by persistently infected P3HR-I cells was compared to DNA of the parental HSV-I(MAL) produced in Vero cells to determine whether the two DNA species had related densities in caesium chloride. Extracellular virions were purified Virions from the HSV-r infected P3HR-I culture contained one major species of DNA which had a buoyant density of I"727 g/rnl which co-banded with DNA isolated from HSV-T(MAL) infected Vero cells and one minor species which had a density of ~'7oo g/ml (Fig. 4) -Pre-treatment of virus with deoxyribonuclease before extraction eliminated the lighter density cellular DNA species while 90 % of the 1-727 g/ml peak was resistant to digestion (data not shown). EBV DNA in the density region of 1.718 g/ml (SchulteHolthausen & zur Hausen, ~97o) was not detected in either the control or HSV-I infected P3HR-~ cultures as the labelling conditions used here were not optimal for EBV production
(Hinuma et al. ~967). Thus, HSV-I persistently infected P3HR-I cells produced a virus DNA physically indistinguishable from the parental HSV-I (MAL).
Detection of viral DNA in HSV-I persistently infected P3HR-T cells
The relative amount of HSV-T DNA synthesized in persistently infected P3HR-t cells was determined by DNA-DNA filter hybridization (Fig. 5) . Cellular DNA from HSV-I infected cells, fractionated by isopycnic banding in caesium chloride, contained a minor peak (fractions 36 to 47) of high guanine + cytosine virus DNA which represented approx. 4 % of the total 14C-thymidine incorporated and a major peak of cell DNA (fractions 6o to 80) of high adenine + thymidine content (Fig. 5 a) . A more accurate estimate of the amount of high-density DNA labelled, after adjusting for the differential uptake of x~C-thymidine into molecules with different base content (e.g. minor peak = 68 % G + C; cellular peak = 39 ~ G+C), would be 8 ~. When representative gradient fractions were hybridized to 3H-thymidine labelled HSV-I DNA, significant amounts of ~H label were detected in the density region where HSV-I DNA banded and in a region of the gradient more dense than the median density of cell DNA. However, the relative amount of SH bound with respect to the amount of 14C-DNA immobilized on the filter was greater in the high density HSV-I virus DNA region (Fig. 5a ). Fractionated control P3HR-I cell DNA bound only small amounts of HSV-I DNA and then only in the low-density cell DNA region (Fig. 5b) . Thus, both density species of DNA present in the persistently infected P3HR-I cells contained sequences homologous to virus DNA; and therefore a minimum of 8 ~ of the label incorporated in 72 h was taken to be virus-specific.
The response of P3HR-I and Raft cells to infection with two types and several strains of HSV
Six strains of HSV-I and two strains of HSV-2 were used to infect P3HR-I and Raji cells at a high and a low m.o.i, to see if other persistent infections could be established. These m.o.i, produced > 80 ~ c.p.e, in Vero cells with all virus strains tested within I2 to 48 h p.i. Differences in response to HSV infection were observed with the P3HR-I and Raji cells as demonstrated by cell growth patterns and virus production (Table 3) . Only infected cultures with normal growth rates and those that produced > I x io 2 p.f.u./ml by the end of passage 2 were defined as persistently infected. Some cultures exhibited decreased relative growth rates during the infection and/or the first passage (Table 3 ). The MS strain of HSV-2 at the high m.o.i, was lethal to P3HR-I cells and the Syn V strain of HSV-I was lethal to Raji ceils at both m.o.i. Thus, the surviving cultures were either persistently infected (2o of 3 2 cultures tested) or resistant to infection since virus was not detected after two routine passages. DISCUSSION We observed that persistent infections were established when P3HR-~ cells were infected with the MAL strain of HSV-I instead of the typical herpesvirus replication expected. The characteristics of this particular infection indicated that HSV-I(MAL) adsorbed equally well to P3HR-I cells and to lethally permissive Vero cells but less than 1% of the P3HR-t cells became productively infected compared to the majority of Veto cells. Also, the parent HSV-I(MAL) replicated more slowly in P3HR-I cells than in Veto cells, but the progeny Zajac et al. 1969, Floyd et al. I97 0. To date the HSV-I persistently infected P3HR-I cells have undergone 44 routine passages without losing the ability to produce HSV and as such this infection did not appear to be self-limiting (Blackmore & Morgan, I967). We were unable to significantly accelerate virus production or cell death with multiple medium changes nor did we detect cyclical fluctuations in cell growth and virus production (Hampar, I966) . The analyses of radioisotopical!y labelled virus and cellular DNA indicated that the HSV-I persistently infected culture produced a virus DNA physically and genetically related to the parental HSV-t(MAL). A minimum of 8 ~ of the total label incorporated by infected cells in 72 h appeared to be virus DNA. The relative percentage was actually somewhat greater as the cellular DNA fraction also contained HSV DNA sequences as determined by hybridization. Furthermore, when the cellular DNA fraction was recycled on caesium chloride, additional high density virus DNA was detected (data not shown). Analogous observations have been described for EBV DNA associated with Raji cell DNA (Tanaka & Nonoyama, ~974; Adams & Lindahl, I975) .
For the P3HR-I culture persistently infected with HSV-L we conclude that only about I ~ of the cells are actively producing a virus that is indistinguishable from HSV-I by nucleic acid density and hybridization, although a majority of cells are positive for HSV-~ immunofluorescent antigens. Together with the isotopic DNA studies, these data suggest that the P3HR-I cell exerts control over the replication of HSV-~ which may be analogous Persistent HSV infections in lymphoma cells 6I to the control exerted over the expression of EBV (Hinuma & Grace, 1967; Maurer, Imamura & Wilbert, I97o) . The establishment of persistent HSV infections in Burkitt lymphoma derived cells is in contrast to other reports (Henle et al. I969; Floyd et al. 197I ). However, it should be noted that although the cells and viruses studied herein were similar to, they were not identical to, those studied by the above investigators. Under the conditions reported here, no external support was required to maintain these infections. To our knowledge, only the HSV-1 persistently infected Chinese hamster cells described and characterized by Hampar & Copeland (I965), Hampar (I966) and Hampar & Burroughs (1969) and the Earle's L cells described by Nii (1969) fit this classification. Persistent HSV-1 infections in cell culture have usually required external support such as the presence of antiserum to HSV (Wheeler & Canby, ~959; Fernandez, 196o; Wheeler, I96o; Hinze & Walker, 196I; Szanto, 1963) decreased (Coleman & Jawetz, 1962 ) The production of interferon did not appear to be a factor in establishing the persistent infections reported here since virus-free concentrates of tissue culture medium from infected and control P3HR-I cells did not reduce either the rate of appearance or number of vesicular stomatitis virus plaques detected on human foreskin cells (Dr Maneth Gravell, personal communication). Moreover, Henle et al. (1969) were unable to detect interferon in Jijoye and Raji cells following infection with the H strain of HSV-I. Furthermore, since we have been unable to detect mycoplasmas in our cultures, we assumed that this contamination was not a contributing factor in the establishment of persistent infections.
We are not suggesting that the observations reported herein for P3HR-I cells persistently infected with HSV-I(MAL) necessarily apply to the other cells and viruses studied (Table 3) since P3HR-I and Raji cells responded to HSV infection in various ways: 0) the cultures were resistant to infection (9 of 32 cultures tested); (2) the cultures were lethally permissive to infection (3 of 32 cultures tested); or the cultures became persistently infected (2o of 32 cultures tested). Whether the resistance to infection is at the adsorption level or due to a true cellular block is under investigation. The establishment of persistent infections was related to the initial virus m.o.i., as some cultures infected at the higher m.o.i, became persistently infected but the same cultures at the lower m.o.i, did not. However, in cultures where persistent infections were established [similar to HSV-I(MAL) in P3HR-I cells], the virus titres at the end of the second passage for the individual cell type were generally equivalent and independent of the initial m.o.i. In all persistent infections established, maximum virus titres were obtained slightly before or at the same time maximum cell population levels were obtained indicating virus replication in these cultures may be dependent on cell growth. Taken together, the variety of responses observed to HSV infection by the two cell lines suggests the presence of complicated interactions involving cell type, virus type and virus strain.
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